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 23 
ABSTRACT 24 
 25 
Numerical modelling techniques have been increasingly used to assess the integrity of 26 
engineering works, such as landfills, that involve interactions between multiple geosynthetics 27 
(GSYs). In piggyback landfill expansions (PBLEs), where a new landfill is built over an older 28 
one, such interactions are particularly important because multiple GSYs, natural materials, and 29 
waste interact with each over. To obtain reliable numerical results, the real mechanical behavior 30 
of the GSYs and of the interfaces between GSYs must be considered. Designers, however, often 31 
use simplistic assumptions without further analyzing the implications of these assumptions on the 32 
results. Such simplifications mainly concern the nonlinear axial stiffness of GSYs, the strain 33 
softening at interfaces between GSYs, and the difference between the compressive and tensile 34 
behavior of GSYs. By, considering these key aspects, the present study aims to understand the 35 
extent to which the results of numerical calculations can be influenced both by the differing 36 
compressive and tensile behavior of GSYs and by the assumption of strain softening at interfaces 37 
between GSYs. For this purpose, several numerical models are implemented by using the finite-38 
difference code FLAC 2D on a typical PBLE that involves four GSYs and six interfaces. The 39 
present work also applies comprehensive, state-of-the-art numerical modelling to study the 40 
interactions between multiple layers of GSYs. This study also investigates the nonlinear axial 41 
stiffness of GSYs through a series of uniaxial tensile tests. The numerical results show that, if the 42 
GSY axial compressive and tensile characteristics are the same, then tensile force is minimized, 43 
which induces significant compressive force in the GSYs. The results also indicate that 44 
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neglecting strain softening at the interface between GSYs affects interface shear stresses, 45 
displacements of GSYs at the interface, and the GSY force distribution, potentially rendering the 46 
model unrealistic. Including strain softening, however, allows the assessment (location) of 47 
unstable areas along the interface where large displacements occur.  48 
 49 
Keywords: Geosynthetics, numerical modelling, interface strain softening, nonlinear stiffness 50 
 51 
1. INTRODUCTION AND BACKGROUND  52 
 53 
Landfills are increasingly becoming technical-engineering constructions in which waste, various 54 
geosynthetics (GSYs), and natural materials (clay, sand, gravel) interact within the lining system 55 
(Tano and Olivier, 2014). In a piggyback landfill expansion (PBLE), where a new landfill is built 56 
over an older one, these interactions are particularly important because they control the shear 57 
stress at the interfaces between GSYs and their deformation and thereby determine the integrity 58 
of the lining system. 59 
To assess the performance of a PBLE and the integrity of its lining system, the conventional 60 
engineering-design practice is to use the equilibrium-limit approach (Giroud, 1989, Koerner and 61 
Hwu, 1991). This method often does not consider some key points, such as staged construction, 62 
the multiple interactions between GSYs, and whether stresses are compatible with strains and 63 
displacements (Villard et al., 1999). In contrast, numerical modelling techniques can consider 64 
these aspects but should also simulate local instabilities and compute stress and strain fields.  65 
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For the more rigorous numerical analysis that is required as landfill construction progresses, the 66 
real mechanical behavior of the GSYs and the interactions that occur at their interfaces must be 67 
considered. This requires modelling all GSY interfaces in the lining system [which is called 68 
criterion 1 (CR1)], the staged construction or evolution of the waste properties with depth or 69 
stress (CR2), the strain softening at the interface between GSYs (CR3), the difference between 70 
the compressive and tensile behavior of the GSY (CR4), and the nonlinear axial stiffness of the 71 
GSY (CR5). Even if these five key criteria have been discussed by many authors, they are not 72 
always considered in numerical modelling.  73 
The present work comprehensively reviews some twenty-five studies that reflect the current 74 
practices used to numerically model interactions between GSYs. These studies are classified in 75 
chronological order in Table 1 and are discussed below.  76 
 77 
 Criterion 1: Number of GSY interfaces in model  78 
In sanitary landfills, the drainage and lining system involves at least two GSYs. These are 79 
typically a geomembrane (GMB) overlaid by a protection geotextile (GTX). In many countries 80 
(e.g., France), a geosynthetic clay liner (GCL) is often installed beneath the GMB to reduce the 81 
thickness of the in-situ sealing clay. In the context of a PBLE, this composite system is often 82 
completed with a reinforcement geogrid (GGR) in the PBLE (Tano et al., 2015).Therefore, for 83 
the model to represent a realistic situation, the interactions between the multiple GSYs should be 84 
considered. If the model does not consider the multiple interfaces between GSY layers, it cannot 85 
determine the axial force and strain within the GSY. 86 
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Table 1 shows that most previous studies considered less than three GSYs. Among the studies 87 
reviewed, only the works of Long et al. (1995) and Chen et al. (2009a) considered the 88 
interactions between three GSYs. However, Long et al. (1995) used springs to model all GSYs 89 
(GTX, geonet, and GMB), soil, waste material, and the interfaces between GSYs. However, 90 
using these simple structural elements to represent the entire landfill and its lining system has 91 
limitations because the constitutive model does not properly represent the nonlinear behavior of 92 
waste, GSYs, and the interfaces. Finally, in the study of Chen et al. (2009a), none of the 93 
following four criteria were taken into account. 94 
 95 
 Criterion 2: Staged construction and evolution of waste characteristics with depth or 96 
stress 97 
In landfills, the mechanical properties of waste evolve with depth, confining stress, waste age 98 
(i.e., degradation), and the backfilling level (Tchobanoglous et al., 1993, Gourc et al., 2001, 99 
Haque, 2007, Castelli and Maugeri, 2008, Singh and Fleming, 2008). As can be seen in Table 1, 100 
most authors to date have considered staged construction. However, only Arab et al. (2011a) 101 
clearly considered how waste properties evolve with depth or stress. The authors divided the 102 
waste mass into three layers with differing mechanical parameters. However, the mechanical 103 
parameters did not evolve gradually with depth; instead, each layer had its own uniform 104 
mechanical parameters. 105 
 106 
 Criterion 3: Strain softening at interfaces between GSYs 107 
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Previous laboratory and field studies have revealed that mobilized shear strength often varies 108 
along the interfaces between GSYs in such a way that strain is softened at the interfaces. The 109 
strain softening reflects the fact that the shear strength gradually increases to a maximum value 110 
(peak) before decreasing to a constant value (residual). This nonlinear stress-strain behavior at 111 
GSY interfaces was already discussed by several authors (Jones and Dixon, 2005) and was 112 
confirmed by several shear tests (Girard et al., 1990, Stark et al., 1996, Izgin and Wasti, 1998, 113 
Dixon et al., 2006, Fleming et al., 2006, Fowmes, 2007, Le Hello, 2007, Fowmes et al., 2008, 114 
Palmeira, 2009, Eid, 2011, Tanchaisawat, 2013). 115 
Strain softening at interfaces was touched on in most works that appear in Table 1. 116 
Byrne (1994), Reddy et al. (1996), Jones and Dixon (2005), Seed et al. (1988), Filz et al. (2001), 117 
and Connell (2002) all considered strain softening at interfaces but did not consider multiple 118 
interfaces and GSY; thus, they could not calculate the strains and forces in the GSYs. In contrast, 119 
Villard et al. (1999), Haque (2007), Wu et al. (2008), Chen et al. (2009a), and others did not 120 
consider strain softening at interfaces but used a single, constant friction angle (peak or residual). 121 
Note also that strain softening at interfaces is not included in conventional numerical modelling 122 
software. Other software, such as Geostress, Sage Crisp 2D, and FLAC 2D allow it but may 123 
require specific code to be developed. Given the relevance of strain-softening behavior at 124 
interfaces, it will be discussed in more detail in Section 5.2. 125 
 126 
 Criterion 4: Differentiation between the GSY compressive and tensile behavior  127 
To simulate the flexibility of GSYs (i.e., the membrane effect) in numerical models, zero inertia 128 
is often assigned to the structural elements that represent the GSY. With zero inertia, the GSY 129 
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operates without bending resistance. Furthermore, unconfined GSYs do not sustain axial 130 
compressive force; however, under high confining stress, the axial compressive behavior is not 131 
well known. GSYs may be expected to become stiffer under compression with high confining 132 
stress. Conversely, given the folds and wrinkles that are often observed on the cover at the foot of 133 
the slope (low confinement) of some sites, GSYs are generally considered to sustain zero or very 134 
little compressive force. Moreover, although the axial tensile behavior of GSYs can be evaluated 135 
from standardized tests [NF EN ISO 10319 (AFNOR, 2008), NF EN 12311-2 (AFNOR, 2013)], 136 
the authors know of no standardized test with which to assess the axial compressive behavior of 137 
GSYs. 138 
Given this situation, to model the behavior of GSYs, researchers and engineers are forced to 139 
make significant assumptions about the GSY compressive characteristic (modulus). By default, 140 
simulation software accepts different GSY compressive and tensile behavior, so only one of five 141 
studies reviewed herein considered this question. To consider this aspect, two approaches are 142 
generally used: First, the compressive modulus is arbitrarily assumed to be one to two orders of 143 
magnitude less than the tensile elastic modulus. This approach was used by Fowmes et al. (2008) 144 
(1/10), Villard et al. (1999) (1/10 for a GMB and 1/20 for a GTX), and He et al. (2006) (1/100). 145 
The second alternative is to consider a compressive strength of zero, such as Long et al. (1995). 146 
For the other studies, the axial tensile behavior of the GSY is assumed to be similar to the 147 
compressive behavior. In this case, the compressive forces and strains obtained by simulation 148 
may be unrealistic (Sia and Dixon, 2012). 149 
Thus, if GSYs are considered to sustain little or no compressive force under confinement or 150 
because of possible GSY wrinkles, a robust and accurate model must be developed. To this end, 151 
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this report presents a detailed parametric study that highlights the main differences between the 152 
three current modelling methods based on (i) an unaltered compressive modulus, (ii) an altered 153 
compressive modulus, and (iii) zero compressive strength. The details of this study are given in 154 
Section 5.1 155 
 156 
 Criterion 5: Nonlinear axial stiffness of GSYs  157 
When a GSY is subjected to a tensile load, it gradually lengthens with a deformation that depends 158 
on its stiffness over time. Thus, GSY stiffness directly determines the force and strain that 159 
develop within the material.  160 
As can be seen in Table 1, the nonlinear axial stiffness of GSYs is the least-considered criterion. 161 
This is probably because, first, most software does not by default allow this feature to be 162 
considered (as in CR3 and CR4) and, second, the authors preferred to use the simplifying 163 
assumption of a constant axial stiffness. This is the case, for example, of Sia and Dixon (2012) 164 
and Zamara et al. (2014), who used the secant stiffness at yield and at 5% strain, respectively. 165 
From among the studies reviewed, only Long et al. (1995) considered how the GSY axial 166 
stiffness evolves with strain. This particular feature is further discussed in Section 3.3. 167 
 168 
Overall, because CR1 and CR2 depend on the site characteristics (i.e., the number of GSYs and 169 
the phases of construction), only CR3, CR4, and CR5 are investigated herein, as discussed 170 
previously. Interactions between multiple layers of GSYs (CR1) and staged construction (CR2) 171 
are also considered by default. Thus, this study takes into account the nonlinear tensile stiffness 172 
of GSYs to compare several numerical simulations of realistic conditions taken from typical 173 
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PBLEs. After a detailed description of the case study and material properties, the differentiation 174 
between the compressive and tensile behavior of GSYs is investigated in terms of the simulated 175 
tensile and compressive forces within a GSY. Furthermore, based on the results of the previous 176 
simulations, we also highlight how strain softening at interfaces affects the shear stress at the 177 
interfaces, the displacements of GSYs, and the distribution of force within the GSYs.  178 
 179 
2. NUMERICAL MODEL  180 
 181 
2.1 General description of model 182 
 183 
The model is based on realistic conditions and consists of a mixed PBLE with an existing 20-m-184 
high waste cell and a proposed, 20-m-high vertical extension. The entire PBLE sits on a 400-m-185 
long section of in situ stiff clay. 186 
Figure 1 shows a schematic diagram of the model used in this study, which includes two types of 187 
materials: The first is municipal solid waste (MSW) contained in the landfill. The MSW is 188 
subdivided into old and new waste, corresponding to the existing cell and the new cell, 189 
respectively. The second type of material is soil material consisting of the in situ clay on which 190 
the PBLE is established and a 1-m-thick sand bed that serves as the subgrade for the new waste. 191 
For the new waste, the entire draining and lining system is incorporated into the model. From 192 
bottom to the top, this system consists of a GGR within a 1-m-thick subgrade, a GCL, a GMB 193 
and a protective nonwoven GTX. The interaction between the materials and the GSY is modelled 194 
by six interfaces of zero thickness. The first interface, I1, represents the interface between the 195 
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GTX and a drainage gravel layer (not modelled in this study) under the new waste. The second 196 
interface, I2, represents the interaction between the above GTX and the GMB. Like I2, the third 197 
interface, I3, represents the interaction between two GSYs; namely, the GMB and the GCL. The 198 
fourth interface, I4, represents the interaction between the GCL in the draining and lining system 199 
and the subgrade layer on top of the existing cell. The two last interfaces, I5 and I6, separate the 200 
GGR from the sand layers that are above and below it, respectively.  201 
 202 
2.2 Configuration of numerical model  203 
 204 
The numerical model was implemented with the two-dimensional (2D) finite-difference 205 
modelling code Fast Lagrangian Analysis from Continua (FLAC 2D). Most of the authors 206 
[(Byrne (1994), Connell (2002), Jones and Dixon (2005), Fowmes et al. (2005a), Chen et al. 207 
(2009b), Zhu et al. (2009) andZamara et al. (2014)] used this code to assess the interactions at the 208 
interfaces between multiple layers of GSYs and its large strain capabilities. The software can 209 
model forces and strains within multiple layers of GSYs constructed over several stages. In 210 
addition, the software can use a nonlinear stress-strain law to model materials, structural 211 
elements, and interfaces. The following sections detail the numerical configuration retained for 212 
this study. 213 
 214 
2.2.1 Mesh and boundary conditions  215 
 216 
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The PBLE is modelled by using a rectangular mesh. A two-dimensional model is justified by the 217 
fact that the geometry of the PBLE, the boundary conditions, and the loading mode (mechanical 218 
stresses) are quite similar in all planes parallel to the strain plane of the PBLE cross section. The 219 
mesh chosen for materials (waste and soils) consists of 6400 volume elements (zones), each 220 
having a size between 1 m × 1 m and 2 m × 2 m (221 
 222 
Figure 2). The substratum is modeled by using a coarser 2 m × 2 m mesh that becomes finer as it 223 
nears the substratum-waste contact. 224 
At the lower side of the substratum, fixed nodal displacements are imposed because of the 225 
assumption that, at this depth, the substratum is stiff enough to not settle under the load of the 226 
overlying waste backfill. 227 
At the sides of the model, the horizontal displacements are fixed; the left and right sides of the 228 
model are assumed to be sufficiently far (≥100 m) from the crest of the existing waste cell to 229 
limit the influence of the boundary conditions.  230 
Moreover, all the GSYs, except the GGR, are fixed (perfect anchoring) on top of the existing 231 
waste cell, 2 m from the crest slope (this is generally the case in landfills) at X = 98 m. The GGR 232 
was installed with no specific conditions to implement a flat anchor by using the ballast weight of 233 
the overlying materials. 234 
 235 
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2.2.2 Choice and discretization of structural elements  236 
   237 
The structural elements were chosen to simulate the GSY behavior described in Figure 3. Thus, 238 
the GTX, GMB, and GCL layers in the model are represented by structural beam elements, which 239 
can reproduce the membrane effect with zero inertia. These are the only structural elements in 240 
FLAC 2D that allow direct interaction between two GSY. Strip elements were used for the GGR. 241 
These structural elements are specifically designed in FLAC 2D to simulate the behavior of thin 242 
flat reinforcing structures placed within a soil embankment for support. This type of element 243 
cannot sustain bending moments and, in addition, the shear behavior at the strip-soil interface is 244 
directly defined by a nonlinear shear-failure envelope. 245 
To account for how the GSY axial stiffness changes with strain, each GSY is represented by a 246 
concatenation of several structural elements (152 for the GGR and 98 for the others). This allows 247 
the properties of each axial beam to vary independently of the other parts of the GSY and as a 248 
function of the strain at the given point. 249 
Moreover, to consider strain softening at interfaces, all interfaces are also defined as a 250 
concatenation of individual interfaces so that each can move independently. To model the 251 
structural elements and interfaces as described previously, two functions were developed in the 252 
programming language compiled by the FLAC inbuilt subroutine compiler (FISH). 253 
 254 
2.2.3 Phases of model construction  255 
 256 
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To account for how stress and strain evolve with the backfilling level, six main phases of model 257 
construction divided into 15 steps were considered. Phase 1 is the initial equilibrium of the 258 
substratum (initialization of gravitational forces); phase 2 is the initialization of node 259 
displacements and velocities, then the implementation of the five 4-m-thick layers of old waste. 260 
The upper layer is 3 m thick and overlaid with a 1-m-thick sand layer (we assume cover over 261 
subgrade). The node displacements and velocities are initialized again during phase 3 before the 262 
GGR and its interfaces I5 and I6 are installed in the sand layer. Phase 4 is the installation of the 263 
GCL, the GMB, the GTX, and interfaces I2–I4. Next, the first layer of new waste and the first 264 
part of interface I1 are implemented in phase 5. Finally, the nine other layers of new waste and 265 
the other parts of interface I1 are implemented successively. 266 
 267 
3. MATERIALS, GEOSYNTHETICS, AND INTERFACE PROPERTIES 268 
 269 
The elasto-plastic Mohr-Coulomb (MC) constitutive model is used to model the soil, the waste 270 
material, and the interface behavior. The MC parameters are preferred over the parameters of 271 
complex constitutive models such as the creep model. The MC model was used in the majority of 272 
the studies mentioned above and is one of the most used in numerical modelling. Thus, the model 273 
parameters described in the following section refer to the MC model.  274 
 275 
3.1 Mechanical properties of waste 276 
 277 
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As mentioned previously, this study constructs the model in stages and updates the waste 278 
properties depending on the type of waste (old or new) and the depth. Because the backfilling 279 
process involves varying the waste properties, a third FISH function was developed to account 280 
for them. 281 
The parameter values used for this study are based on the data available in the literature. A 282 
detailed description of the parameters for the new and old waste is given below. 283 
 284 
3.1.1 Unit weight 285 
 286 
Published data on the unit weight of MSW show significant scatter from one site to another (see 287 
Table 2) and sometimes within the same site (typically 3 to 15 kN/m3). The unit weight of MSW 288 
depends not only on its composition (percent of plastic, paper, food, etc.) but also on several 289 
factors that interact with each other. These are, for example, depth (i.e., effective confining 290 
stress), age, and degradation and compaction effort. However, some typical behavior may be 291 
identified; for example, the unit weight tends to increase when the waste is degraded (reduction 292 
of the void ratio) and the depth increases. This increase in unit weight could have a considerable 293 
effect on the stress-deformation behavior of MSW because it influences the stress distribution 294 
within the waste (Singh et al., 2009). 295 
This study uses the following hyperbolic law of Zekkos et al. (2006) (Equation 1) which 296 
determines the gradual change in unit weight of MSW with depth: 297 
 298 
                                                             
Zβ+α
Z
+)0(γ=)Z(γ                                                       Equation 1 299 
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 300 
where  301 
α  and β : Hyperbolic parameters with α  = 3 m4/kN and β = 0.2 m3/kN for typical compaction 302 
effort and amount of soil; 303 
Z : Depth of the layer; 304 
)Z(γ  and )0(γ : Total unit weight at depth Z  and near the surface ( 0=Z ), respectively. 305 
 306 
In this study, the unit weight of new waste is assumed to be less than that of old waste since new 307 
waste is fresher and therefore less consolidated than old waste. Based on data from the literature 308 
(see Table 2), we use )0(γ = 9 kN/m3 for new waste and )0(γ = 10 kN/m3 for old waste. Moreover, 309 
a typical compaction effort and amount of soil are considered for the choice of the hyperbolic 310 
parameters α  and β . Figure 4 shows the unit weight used in this study as a function of depth. 311 
  312 
3.1.2 Elastic parameters: Young’s modulus and Poisson’s ratio 313 
 314 
Like the unit weight, the elastic parameters may vary within a given site. For example, Poisson's 315 
ratio ν tends to increase as waste degradation increases whereas the elastic modulus could be low 316 
for fresh waste. Note also that Young’s modulus E increases with depth and confining stress 317 
(Beaven and Powrie, 1995, Castelli and Maugeri, 2008, Singh and Fleming, 2008). Some elastic 318 
parameters from the literature are shown in  319 
 320 
 321 
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 322 
 323 
 324 
 325 
 326 
 327 
 328 
 329 
 330 
 331 
Table 3, which shows that 0.5 MPa < E < 7 MPa and 0.05 < ν < 0.45.  332 
For this study, we assume that the elastic parameters of new waste are less than those of old 333 
waste because new waste should be less consolidated and thus more compressible than old waste. 334 
Figure 5 shows the profiles of the elastic parameters of the MSW used in this study, which were 335 
obtained by using the assumptions just outlined. 336 
  337 
3.1.3 Cohesion and friction angle  338 
 339 
17 
 
 
 
According to Singh and Murphy (1990) and Jessberger and Kockel (1993), identifying the failure 340 
on the stress-strain curve of waste is very difficult. Several authors (Landva and Clark, 1986, Del 341 
Greco and Oggeri, 1993, Jessberger and Kockel, 1993, Zekkos et al., 2006) investigated the shear 342 
strength of waste and showed that the cohesion c  and the friction angle Φ   may vary 343 
considerably for waste. Table 4 shows this significant scatter, with c  ranging from 0 to 85.9 kPa 344 
and Φ from 0° to 53°. 345 
Three ranges of c and Φ  can be identified: The first set of ranges covers high cohesion (25–100 346 
kPa) and low friction angle (0° to 10°). The second set of ranges is the opposite with low 347 
cohesion (0–10 kPa) and high friction angle (25°–40°). The last set of ranges covers the 348 
intermediate values. This study uses the second set of ranges because it seems to be most 349 
common, based on our experience. 350 
Furthermore, the variation in the shear strength of waste over time can vary considerably from 351 
one site to another. This variation depends on several factors, such as composition (plastic, fines, 352 
etc.), compaction effort, moisture conditions, age (e.g., degradation), etc. The shear strength 353 
(friction and/or cohesion) of waste can increase with time (Carucci et al., 1991, Zhan et al., 2008) 354 
presumably as a result of densification. However, the degradation over time can also lower the 355 
shear strength of the waste (Turczynski, 1988, Jessberger and Kockel, 1993, Kölsch, 1993, Bray 356 
et al., 2009, Varga, 2012).  357 
Since waste placement conditions of old landfills are generally not fully known, a safe-based 358 
approach was considered, in which both c and Φ decrease with time. It was also assumed that a 359 
modern compaction plant is more efficient than in the past and provides for closer waste fiber 360 
18 
 
 
 
intertwining than in the past. A linear decrease of c and Φ  over time (with depth) as shown in 361 
Figure 6 was thus considered in this study. 362 
 363 
3.2 Mechanical properties of soil  364 
 365 
The unit weight of soil generally ranges from 12 to 23 kN/m3 depending on the level of 366 
consolidation, organic content, etc. (Linsley et al., 1982, Murthy, 2002). The analysis described 367 
herein uses a typical unit weight of 18 kN/m3 for all soil materials.  368 
For the elastic parameters, the clay substratum should be stiff, as indicated by a Young’s modulus 369 
of 50 MPa, which was the value used by Jones and Dixon (2005) and Zamara et al. (2014) to 370 
model a hard clay substratum. A Young’s modulus of 20 MPa is used for the sand layer on top of 371 
the existing waste cell, which is the minimum required by the French technical guide GTR 92 for 372 
compacted subgrade. A Poisson’s ratio of 0.3 typical of normally consolidated soils is assigned to 373 
all soil materials. Moreover, because we assume a long-term analysis, a cohesion of 5 kPa and a 374 
friction angle of 28° are assigned to the clay. However, the sand subgrade is assumed to have a 375 
friction angle of 35° without cohesion. Table 5 summarizes the properties of the waste and soil 376 
material. 377 
 378 
3.3 Mechanical properties of geosynthetics  379 
 380 
The tensile characteristics of several GSY products were assessed according to the standard NF 381 
EN ISO 10319 (AFNOR, 2008) for the GTX, GCL, and GGR and according to the standard NF 382 
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EN 12311-2 (AFNOR, 2013) for the GMB. For the GMB, for example, uniaxial tensile tests were 383 
made on five different 2-mm-thick high-density polyethylene (HDPE) GMBs and on two 1.0-, 384 
1.2-, and 1.5-mm-thick polypropylene (PP) GMBs (GMB a to GMB h; see Figure 7a) at the 385 
research and technology platform at the National Research Institute of Science and Technology 386 
for the Environment and Agriculture, France. 387 
For numerical modelling, the tensile secant modulus Eε  of the GSY at strain ε  is calculated 388 
herein as the ratio of the GSY axial stiffness 
ε
J  to the GSY thickness e  by using Equation 2 389 
 390 
                                                                     e
ε
J
=
ε.e
ε
T
=Eε                                                     Equation 2 391 
where 392 
Eε : Tensile secant modulus at strain ε ; 393 
ε
T  :Tensile force on the tensile curve at strain ε ; 394 
ε
J : Secant stiffness at strain ε on the tensile curve; 395 
e : Nominal thickness of the GSY. 396 
 397 
The results of the tensile tests show that the axial stiffness and thus the modulus of the GSY are 398 
nonlinear. For example, the tensile secant modulus of the HDPE GMB could decrease by a factor 399 
of five in going from 2% to 10% strain, as can be seen in Figure 7a. Giroud (1994) also showed 400 
that the initial portion of the stress-strain curve of HDPE GMB is nonlinear (Figure 7b) and 401 
highlighted that a tensile secant modulus at 2% can be 3.5 times greater than the tensile secant 402 
modulus at the yield peak (generally 10% to 12%). This nonlinear behavior of GMBs could be 403 
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due to their polymeric nature (HDPE, PP) and the way in which they are manufactured. In fact, 404 
when a GMB is submitted to a tensile force, a material reorganization may occur, accompanied 405 
by a change of the mass per unit area of the fabric. This partial restructuration leads to a change 406 
of the axial resistance as strain increases, and thus of the stiffness. For the GTX, GGR, and GCL, 407 
the change in axial stiffness is also due to their arrangement and fiber reorganization. Thus, 408 
imposing a constant stiffness in numerical modelling may lead to an overestimation or 409 
underestimation of the calculated strains. Herein, we allow the GSY modulus to evolve with 410 
strain as per the results of tensile tests. For this purpose, a fourth FISH function was developed to 411 
update the modulus when a level of strain is reached. Between 0% and 1%, however, a single 412 
value was used for the modulus (see Figure 8).  413 
Moreover, for safely analyses, we selected the following four GSYs with the lowest strength: 414 
- an 8-mm-thick nonwoven PP GTX of 1200 g/m² with a tensile strength Rt = 52.5 kN/m at 415 
100% strain; 416 
- a 2-mm-thick HDPE GMB with Rt = 33 kN/m at 12% strain; 417 
- a 7-mm-thick sodium GCL of 5000 g/m² with Rt = 32 kN/m at 38% strain; 418 
- a 2.5-mm-thick uniaxial polyvinyl alcohol (PVA) GGR with Rt = 200 kN/m at 8% strain. 419 
The profiles of the tensile secant modulus of the four GSYs are presented in Figure 8 and Table 420 
6.  421 
 422 
3.4 Interface properties 423 
 424 
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The MC model is used for all interfaces. This model requires the following four parameters: 425 
shear stiffness Ks , normal stiffness Kn , cohesion c , and friction angle Φ . 426 
 427 
3.4.1 Shear and normal interface stiffness 428 
 429 
The shear stiffness Ks  defines the slope of the initial part of the curve of shear stress vs 430 
displacement and thus directly determines the shear displacements at the interfaces. According to 431 
Jones and Dixon (2005), most values of Ks  used to model GTX-GMB interfaces range from 2.4 432 
to 3.8 MPa/m, so a typical value of 3 MPa/m is used herein. Wu et al. (2008) and Zamara et al. 433 
(2014) used very similar values for a GTX-soil interface (3.33 MPa/m) and a GTX-GMB 434 
interface (4.5 MPa/m), respectively. However, greater values may also be found in the literature, 435 
such as 15.9 MPa/m for a GTX-GMB interface (Sia and Dixon, 2012), 24.5 MPa/m for a GSY-436 
GSY interface (Filz et al., 2001), and 49 MPa/m for a GGR-soil interface (Sitharam et al., 2006). 437 
Furthermore, Fowmes (2007) conducted a parametric study on the shear stiffness of a textured 438 
GMB–nonwoven-GTX interface and showed that a Ks  = 10 MPa leads to a proper stress vs 439 
displacement curve. 440 
For the normal stiffness Kn , an arbitrarily large value is 10 Ks , which is often considered to avoid 441 
interpenetration of the nodes during computation.  442 
The present study uses the Itasca (2005) recommendation, which is described in Figure 9. 443 
According to Itasca (2005), a good rule of thumb is to use a maximum Ks  and Kn  of 10 Keq  , with 444 
Keq  given by Equation 3: 445 
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 446 
                                                                  
zminΔ
G
3
4
+K
max=Keq                                               Equation 3 447 
where 448 
Keq : Apparent and equivalent stiffness; 449 
K and G : Bulk and shear moduli, respectively, of the adjoining zone; 450 
zminΔ : Smallest width of an adjoining zone in the normal direction. 451 
 452 
Setting Ks  and Kn  to ten times the soft-side stiffness ensures that the interfaces will minimally 453 
influence the system compliance. As per this procedure, we use an initial value of 10=Ks  MPa/m, 454 
following the Fowmes (2007) parametric study. In the Itasca (2005) procedure, an initial value 455 
Ks  < 10 Keq  can be used; otherwise, Ks  should be limited to 10 Keq  because a large Ks  increases 456 
the computation time without significantly affecting the results. In the case study, because Ks = 10 457 
MPa/m is less than the calculated 10 Keq  at all interfaces, we use 10=Ks  MPa/m at all interfaces. 458 
Finally, Kn has been set to 10 Ks  to avoid node interpenetration.  459 
 460 
3.4.2 Cohesion and friction angle  461 
 462 
The cohesion c  and friction angle Φ  of GSY interfaces depend on several factors, such as the 463 
type of interface (textured, smooth, etc.), the moisture content (wet or dry), the confining 464 
pressure, and the shear displacement rate (Criley and Saint John, 1997, Koerner and Koerner, 465 
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2001, Stoewahse et al., 2002, McCartney et al., 2004). Table 7, which summarizes 35 c - Φ  pairs 466 
at the peak and at large displacements (residual), shows that the shear strength of GSY interfaces 467 
is generally low. The nonwoven-GTX–GMB interface exhibits the smallest shear strength, with a 468 
residual friction angle often below 10°. 469 
For this study, all interfaces are assumed to be wet because of the leachate and the surrounding 470 
moisture. Thus, zero cohesion is assigned to all interfaces because the GSY interfaces are 471 
assumed to have zero shear resistance when there is no confining pressure. 472 
Concerning interfaces I1 and I4, a peak friction angle of 28° is used based on a gravel-sand 473 
friction angle of 35° and a coefficient of interaction (COI) of 0.75. The COI is given by 474 
 475 
                                                                
Φ layergranulartan
Φ erfaceinttan=COI                                           Equation 4 476 
 477 
COI = 0.75 is the lowest COI from among several GTX-granular sand interfaces (Myles, 1982). 478 
The friction angles of interfaces I2 and I3 are derived from the literature reviewed in Table 7. For 479 
interfaces I5 and I6, a peak friction angle of 29° is assigned by assuming =COI 0.8, which is 480 
consistent with pull-out tests (Bakeer et al., 1998, Yuan, 2002, Liu et al., 2014) and GSY 481 
technical data sheets. As discussed above, the strain-softening behavior of interfaces is also 482 
considered. A decrease in friction angle by 5° is assumed at all interfaces at 2 and 5 mm relative 483 
displacements for GSY-GSY and GSY-soil interfaces, respectively. The peak shear strength of 484 
interfaces involving GSYs is reached between 2 and 8 mm of displacement (Stark and Poeppel, 485 
1994, Stark et al., 1996). The peak shear strength of the GSY-GSY interface is rapidly reached 486 
near 2 mm of displacement and that of the GSY-soil interface at about 5 mm of displacement 487 
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(sometimes more). Figure 10 shows the friction angle Φ  as a function of interface displacement 488 
for the six interfaces. Table 8 gives the values of all interface parameters used in the modelling. 489 
 490 
4. METHODOLOGY  491 
 492 
The differentiation between the compressive and tensile characteristics of GSYs was investigated 493 
by a series of simulations in which the ratio between the tensile modulus (E_tract) and the 494 
compressive modulus (E_comp) was decreased. Each simulation is done on the GMB which is 495 
the main component of the lining system. To better compare the force, we use the peak friction 496 
angle because it leads to overall higher forces within the GMB. The parametric study was done 497 
with ten values of E_comp and a compressive strength of zero (Rc = 0 kN). The 10 moduli 498 
measured correspond to E_comp = E_tract/X with X varying from 1 to 1000. One simulation was 499 
done with E_comp = 0 MPa; for this case, the value 0.1 was used for E_comp instead of 0 to 500 
avoid numerical errors and instabilities. A FISH function was developed to change the 501 
compressive modulus E_comp when strain becomes compressive. The behavior of the simulated 502 
cases is presented schematically in Figure 11. 503 
The analysis consists of comparing the axial compressive and tensile forces calculated within the 504 
GMB for each case investigated. Furthermore, to emphasize the main differences that could result 505 
when using a constant friction angle and the strain-softening behavior, three cases are simulated. 506 
These three cases correspond to a constant peak-friction angle (12°; see Table 8), a constant 507 
residual-friction angle (7°; see Table 8), and a friction angle that evolves with the interface 508 
displacement (strain softening; see Figure 10). For the strain-softening behavior, updated version 509 
25 
 
 
 
of the FISH code developed by Fowmes (2007) and used by Sia and Dixon (2012) and Zamara et 510 
al. (2014) was used. This code was modified and optimized to improve the computing speed. The 511 
differences between the three cases given above are analyzed in terms of interface shear 512 
displacement, shear stress, and also the force or strain within the GMB. 513 
 514 
5. RESULTS AND DISCUSSION OF NUMERICAL SIMULATIONS 515 
 516 
5.1 Differentiation between compressive and tensile characteristics of geosynthetics  517 
 518 
Figure 12 shows the axial tensile and compressive forces calculated for the GMB for each of the 519 
ten moduli and for zero compressive strength at two backfilling levels (H = 20 m and 40 m). 520 
From this figure, the tensile forces are seen to be nonlinear in E_comp. Moreover, the lowest 521 
tensile forces (33.1 kN at H = 40 m) correspond to the two cases E_comp = E_tract and R_comp 522 
= 0; they are thus the least-safe cases. At H = 40 m, the difference between these cases and the 523 
others reaches 13.9% (≈33 kN versus ~38 kN). The maximum simulated tensile forces are 6.7 kN 524 
and 38.4 kN which are reached at H = 20 m and H = 40 m, respectively. They correspond to the 525 
cases E_comp = E_tract/100 and E_comp = E_tract/500. Furthermore, for E_comp ranging from 526 
0 to E_tract/50, no other obvious difference appears between the computed tensile force and 527 
compressive force.  528 
The decrease in E_comp logically results in a decrease in the calculated compressive forces. 529 
Thus, the maximum of the compressive force always occurs for E_comp = E_tract. The minimum 530 
compressive force always occurs for R_comp = 0, which systematically gives a calculated 531 
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compressive force of zero. Moreover, note that, from E_comp = E_tract/2 onwards, the calculated 532 
compressive forces decrease sharply below 1 kN when E_comp ≤ E_tract/50. 533 
Therefore, if we assume that GSYs cannot sustain compressive force (or very little) and to 534 
account for possible GSY wrinkles, choosing the safest approach (i.e., maximizing the tensile 535 
forces) is preferable. Thus, the results of this study indicate that E_comp ≤ E_tract/50 should be 536 
used for modelling the difference between the compressive and tensile behavior of GSYs. 537 
Based on this discussion, a compressive modulus E_comp = E_tract/100 appears to be 538 
appropriate. Thus, for the comparative study presented in Section 5.2, the compressive modulus 539 
of all GSYs is set to one hundredth of their tensile moduli.  540 
 541 
5.2 Use of strain softening at interface between GSYs 542 
 543 
Figure 13 to Figure 16 compare the main results of the three simulations (i.e., peak-friction angle, 544 
residual-friction angle, and strain softening) described in Section 4. Figure 13a shows how the 545 
friction angle, which is related to the shear strength, varies along interface I2 for a height of 546 
backfilling H = 20 m. At H = 40 m, the residual value is reached along I2 and I3 and excessive 547 
displacements larger than 3 m are calculated. At this stage of backfilling, the computed shear 548 
displacements are unrealistic because an instability (safety factor <1) is observed. The FLAC 549 
calculation cannot converge when failure is reached, which leads to unrealistic calculated 550 
displacements. 551 
Focusing on H = 20 m, Figure 13a shows that the friction angle remains constant at 12° and 7° 552 
for the peak and residual cases, respectively. When the friction angle is held constant at the peak 553 
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or residual value, the shear strength of the interface remains constant regardless of the shear 554 
stress and displacement. On the contrary, when using strain softening, the friction angle varies 555 
along interface I2 and depends on shear displacement. This variation allows the assessment of 556 
unstable areas along the interface where large displacements occur. For example, along the slope 557 
(between X = 98 m and X = 162 m) and the right-most 64 m of the lower flat area, the friction 558 
angle reaches the residual value (∅ = 7°) because of large displacements. Consequently, shear 559 
displacements (Figure 13b) are greater in these zones with a maximum total displacement of 154 560 
cm occurring at the slope and 46 cm at the right-most part of the lower flat area. This high value 561 
(154 cm) of shear displacements along interface I2 (GTX-GMB) is associated with a strain level 562 
of 15.9% in the GTX around the anchor point. 563 
Note that the results of the residual case are quite similar to those of the strain-softening case for 564 
the configurations considered in this study. We attribute this similarity to the fact that, at this 565 
stage (H = 20 m), the large shear displacements occur rapidly along a significant portion of 566 
interface I2. This pattern was confirmed by Fowmes et al. (2005b), who showed that, when large 567 
displacements occur rapidly, the peak friction and the shape of the strain-softening curve have no 568 
major impact on the interface behavior, which depends mainly on the residual-friction angle. For 569 
the case of peak friction, interface I2 does not move significantly when the shear displacements 570 
are limited to 15 cm. This result is due to the greater shear strength of the interface, which can 571 
therefore bear more shear stress. 572 
To complete this analysis, the study of Filz et al. (2001) on the Kettleman Hills landfill proves 573 
useful because it concerns the case where the interface GTX-GMB failure is progressive and 574 
slow. The authors analyzed the effect of the use of the peak-friction angle (11°), the residual-575 
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friction angle (6.5°), and the strain softening on the calculated safety factor. The authors showed 576 
that the use of the peak-friction angle leads to a 10% underestimate (24.7 m instead of 27.4 m) of 577 
the real failure height (27.4 m) while the use of the residual-friction angle leads to a 35% 578 
overestimate (36.9 m instead of 27.4 m) of this failure height. The use of the strain-softening 579 
behavior however, leads to an accurate description (27.1 m instead of 27.4 m) of the observed 580 
failure height with an accuracy of 99% (ratio between the calculated failure height and the 581 
observed one).  582 
 583 
Figure 14a and Figure 16a show the mobilized shear stress along I2 for H = 20 m and H = 40 m, 584 
respectively. These results show that applying the peak-friction-angle approach generally leads to 585 
more shear stress because of the larger shear strength. For example for H = 20 m, along the slope 586 
(except for the corner at X = 160 m), the shear stress increases up to 37 kPa (75 kPa for H = 40 587 
m) when using the peak-friction-angle whereas it increases to 26 kPa (48 kPa for H = 40 m) when 588 
using the residual-friction-angle and strain softening. These calculated shear stresses are due to 589 
the overlying waste mass that slips along the slope.  590 
For H = 20 m, the shear stress decreases sharply from almost 40 kPa to less than 5 kPa at the 591 
corner (X = 160 m) when using the peak-friction angle. With increasing distance, the shear stress 592 
remains less than 5 kPa at the beginning of the lower flat area (from 160 to 180 m) and then 593 
increases to 18 kPa at about 220 m. This sharp decrease in shear stress near 160 m can be 594 
explained by the fact that interface I2 has high shear strength and so can withstand the shear 595 
stress along the upper part of the slope, with the result being a lack of shear stress at the corner at 596 
160 m. For H = 40 m, the shear stress is maintained at a constant level around 75 kPa because of 597 
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the additional load above H = 20 m. However, when using the residual-friction angle or strain 598 
softening, sharp spikes to 68 and 275 kPa for H = 20 m and H = 40 m, respectively, occur in the 599 
shear stress at the corner (160 m). For these cases, interface I2 has low shear strength and cannot 600 
withstand all the shear stress along the slope from 100 to 160 m, resulting in significant shear 601 
stress being concentrated at the corner (shear stress report).  602 
Focusing now on the tensile forces in the GTX at H = 20m as shown in Figure 14b, the main 603 
zone subjected to tensile forces appears to be at the top slope (in the following analysis, we use 604 
the sign convention whereby negative forces are tensile forces). The GTX slips along the GMB 605 
and, because the GTX is anchored at the top slope, it lengthens due to the tensile force that 606 
accumulates around the anchorage point. Therefore, high shear displacements along interface I2 607 
will cause significant tensile force to be exerted in the GTX. This is why using the peak-friction 608 
angle leads to limited tensile force (less than −2 kN) in the GTX whereas this tensile force 609 
reaches −13 kN when using the residual-friction angle or for the strain-softening case; a 610 
difference of 550%. In all cases for H = 20 m, this tensile force remains less than the GTX tensile 611 
strength (−52.5 kN/m, see Section 3.3). However, for H = 40 m, the tensile force presented in 612 
Figure 16b exceeds the tensile strength of the GTX along almost all the slope (from 100 to 136 613 
m) and the first part of the lower flat area (from 160 to 180 m); hence, this would lead to tearing 614 
of the GTX because it would slide at the interface between the GTX and the GMB (I2). 615 
Furthermore, upon analyzing, Figure 14c, which shows the spatial distribution of the axial forces 616 
in the GMB at H = 20 m, the increase in the mobilized shear stress at the corner at 160 m seems 617 
to lead to a large axial tensile force of about −10 kN. Moreover, when using the peak-friction 618 
angle, the main zone subjected to tensile force appears to be at the top of the slope (at about 110 619 
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m, which is similar to the situation for the GTX), whereas, when using the residual-friction angle 620 
or softening, the zone subjected to tensile force spreads all along the downward slope (130 to 160 621 
m) before increasing at the corner (160 m), as already discussed. These differences are probably 622 
due to the fact that a more-stable I2 interface (i.e., good adherence between the GTX and the 623 
GMB) translates into more stress modes in the GTX (Figure 14b) being transmitted into the 624 
GMB. In fact, a large friction angle (i.e., good shear strength) means the slippery overlying waste 625 
mass is retained because of significant force around the anchor point, whereas a small friction 626 
angle tends to facilitate movement of the overlying waste toward the foot of the slope (i.e., the 627 
corner at 160 m) where the shear stress is greater.  628 
Along the slope (except at the corner), the tensile force calculated in the GMB is less than −3 kN 629 
when using the residual-friction angle or strain softening, whereas the tensile force reaches −6 kN 630 
when using the peak-friction angle; a difference of 100%. Whatever the case, the tensile force in 631 
the GMB is not sufficient to tear the GMB because the GMB tensile strength is −33 kN (see 632 
Section 3.3). It is essential to note that the low values of the tensile force in the GMB calculated 633 
when using the residual-friction angle or strain softening are also related to the friction angle, and 634 
thus to relative shear displacements of the interface I3 (GMB-GCL) beneath the GMB. The 635 
distribution of the friction angle and the relative shear displacements as a function of distance are 636 
presented in Figure 15a and Figure 15b for both I2 (GTX-GMB) and I3, respectively. Due to the 637 
fact that the friction angle of I3 is higher than the friction angle of interface I2 along the slope and 638 
the lower flat area, the relative shear displacements of I3 (sliding of GMB along GCL) are limited 639 
to less than 10 cm while the relative shear displacements of I2 (sliding of GTX along GMB) 640 
reach 154 cm. Therefore, the GMB does not slide significantly on the GCL and hence it does not 641 
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lengthen significantly. For this reason a low value of tensile force, less than −6 kN, is calculated 642 
in the GMB. 643 
Finally, increasing the height of backfilling to H = 40 m leads to high tensile forces in the GMB 644 
as shown in Figure 16c. The tensile forces are essentially located at the slope top around the 645 
anchorage point. The tensile forces reach almost −30 kN for the residual and strain softening 646 
cases and exceed the tensile strength of the GMB (−33 kN) when using the peak friction.  647 
Because the properties of the GSY interfaces evolve as a function of backfilling and thus with 648 
interface displacement, simplifying this strain-softening behavior by using a constant peak- or 649 
residual-friction angle could alter the magnitude and distribution of the interface shear 650 
displacement and shear stress, force, and strain in the GSY layers. Choosing the proper interface 651 
behavior is thus crucial. With the use of the strain-softening behavior, obtaining reliable results 652 
from the numerical simulation is possible, and such an approach would also add the possibility of 653 
detecting interface areas where instabilities may occur (i.e., large shear displacement when 654 
residual-friction angle is attained).  655 
 656 
6. SUMMARY AND CONCLUSIONS 657 
 658 
Numerical modelling techniques are increasingly used to assess the performance of engineering 659 
works involving multilayered geosynthetic (GSY) systems. The present work applies 660 
comprehensive, state-of-the-art numerical modelling to study the interactions between multiple 661 
layers of GSYs. The results reveal the consequences of the conventional assumptions made 662 
regarding the mechanical behavior of both the interfaces and the GSY. These simplifying 663 
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assumptions involve the strain-softening behavior at GSY interfaces, the nonlinear stiffness of 664 
GSYs, and the difference between the compressive and tensile behavior of GSY. To demonstrate 665 
that these aspects must be considered, we compare the results of several numerical models that 666 
we implemented with finite-difference software. The simulations were configured to represent a 667 
typical piggyback landfill expansion based on realistic landfill conditions. The modelled lining 668 
system includes four GSYs, which are, from top to bottom, a geotextile (GTX), a geomembrane 669 
(GMB), a geosynthetic clay liner (GCL), and a geogrid (GGR). The results of this study lead to 670 
the following conclusions:  671 
 672 
 673 
(1) For the numerical modelling of GSY interaction, when the compressive and tensile 674 
characteristics of GSYs are assumed to be the same, the simulated tensile forces are minimized 675 
with respect to the case when compressive and tensile behavior is treated as different. 676 
Simulations indicate that this underestimation is associated with significant compressive force. 677 
 678 
(2) Comparison of several simulations suggest that a compressive modulus two orders of 679 
magnitude less than the tensile modulus (E_comp = E_tract/100) is suitable to differentiate 680 
between GSY compressive and tensile behavior. This ratio corresponds to the safest approach 681 
(i.e., maximizing the tensile forces) either because the GSYs cannot sustain compressive force (or 682 
very little) or because it accounts for the possible wrinkles that may occur under compressive 683 
force and which is difficult to numerically model with current techniques.  684 
 685 
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 (3) Choosing the peak-friction angle, residual-friction angle, or strain softening for the GSY 686 
interface may give different results for the distribution, the magnitude of the tensile force within 687 
the GSY system, and the shear stress and displacements at the interfaces. The results obtained 688 
herein indicate that high friction angles (i.e., peak) for the interface between GTX and GMB lead 689 
to an increasingly mobilized shear stress .For the low friction angle (i.e. residual), the shear stress 690 
along the slope is lower but there is a sharp increase at the slope corner. This increase is 691 
attributed to the fact that the GTX-GMB interface, which exhibits low shear strength, cannot 692 
withstand the shear stress that accumulates along the slope, so the shear stress transfers to the 693 
corner and is concentrated there (load transfer).  694 
 695 
(4) Due to the fact that interface friction angles may change during construction, the use of the 696 
peak friction angle for interfaces may lead to an unsafe design while applying the residual 697 
parameters may lead to an unrealistically conservative design when shear displacement is 698 
progressive. Moreover, when large interface displacements occur, no distinct difference results 699 
from using the residual-friction angle versus using strain softening can be observed.  700 
 701 
(5) The results of the numerical simulations also show that, when the GTX-GMB interface 702 
exhibits high shear strength, some aspects of the stress modes of the GTX are transmitted to the 703 
underlying GMB. Thus, when using a high friction angle (peak, for example), the main zone 704 
subjected to tensile force is the top slope for both the GTX and the GMB. For the low-interface 705 
shear strength (residual, for example), the main zone subjected to tensile force in the GMB is on 706 
the contrary the downward slope when the height of backfilling does not exceed the top slope 707 
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altitude. Above this level of backfilling, the main zone subjected to tensile force moves toward 708 
the top slope because of the additional load above the top slope. 709 
 710 
(6) The results also show that the tensile force in the GTX is mainly due to the fact that it slips 711 
along the GMB. Because it is anchored at the top of the slope, it lengthens as tensile force 712 
accumulates around the anchorage point. Thus, a GTX-GMB interface with a low shear strength 713 
associated with high shear displacement would cause the tear of the GTX by excessive high 714 
tensile force.  715 
(7) Finally in landfills, the tensile force developed in the GMB appears to be directly related both 716 
to the shear strength of the upper GTX-GMB interface and to the lower GMB-GCL interface. A 717 
high friction angle of the lower interface would help to limit the tensile force in the GMB while a 718 
high friction angle of the upper interface would increase the tensile force. The reverse of this 719 
observation is also true.  720 
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 730 
 731 
 732 
Figure 1. Simplified diagram of the model of piggyback landfill expansion used for the 733 
simulations. The labels Ix in the legend refer to the interfaces between the various materials. 734 
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 745 
 746 
 747 
Figure 2. Finite-difference mesh for numerical model. 748 
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 763 
 764 
Figure 3. Main behavior of tensile and compressive modes of a GSY: (a) extension due to tensile 765 
force, (b) wrinkles due to compressive force, (c) membrane effect due to bending force (Villard et 766 
al., 2002), (d) interface sliding due to shear force. 767 
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  778 
Figure 4. Depth as a function of unit weight for new waste and old waste used in this study.  779 
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 790 
Figure 5. Depth as a function of elastic parameters for new waste and old waste used in this 791 
study. 792 
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 804 
Figure 6. Depth as a function of (a) cohesion and (b) friction angle for new waste and old waste 805 
used in this study. 806 
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 815 
Figure 7. (a) Tensile secant modulus as a function of the axial strain for several GMBs. (b) Initial 816 
portion of typical stress-strain curve for HDPE GMB from the origin to the yield peak (Y). The 817 
letter “S” indicates the secant line (Giroud, 1994). 818 
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 827 
Figure 8. Tensile secant modulus as a function of axial strain for geosynthetics used in this study. 828 
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 839 
Figure 9. Procedure recommended by Itasca for the choosing between shear and normal interface 840 
stiffness. 841 
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 849 
Figure 10. Friction angle as a function of interface displacement for the six interfaces used in this 850 
study. 851 
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  860 
Figure 11. Diagram showing characteristics of GSY in force-strain parameter space. 861 
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 871 
Figure 12. Simulation results for tensile and compressive forces in GMB for the 11 cases 872 
investigated in this study. 873 
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 879 
Figure 13. (a) Friction angle as a function of distance along interface I2 for H = 20 m. (b) Shear 880 
displacement as a function of distance along interface I2 for H = 20 m.  881 
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 883 
Figure 14. (a) Shear stress as a function of distance along interface I2 (GTX-GMB) for H = 20 m. 884 
(b) Axial force as a function of distance in the geotextile (GTX) for H = 20 m. (c) Axial force as 885 
a function of distance in geomembrane (GMB) for H = 20 m. 886 
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 887 
 888 
Figure 15. Comparison of I2 and I3: (a) Friction angle as a function of distance along interface I2 889 
(GTX-GMB) and interface I3 (GMB-GCL) for H = 20 m. (b) Relative shear displacements as a 890 
function of distance along interface I2 (GTX-GMB) and interface I3 (GMB-GCL) for H = 20 m. 891 
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 892 
Figure 16. (a) Shear stress as a function of distance along interface I2 (GTX-GMB) for H = 40 m. 893 
(b) Axial force as a function of distance in the geotextile (GTX) for H = 40 m. (c) Axial force as 894 
a function of distance in geomembrane (GMB) for H = 40 m. 895 
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Table 1. Summary of numerical studies involving interactions between geosynthetics. 896 
References CR1 CR2 CR3 CR4 CR5 
Wilson-Fahmy and Koerner (1993) 2 / 3     
Byrne (1994) 0 / 1     
Long et al. (1995) 3 / 5     
Richardson and Marr (1996) 1 / 2     
Reddy et al. (1996) 0 / 1     
Villard et al. (1999) 2 / 3     
Jones et al. (2000) 0 / 1     
Meissner and Abel (2000) 2 / 2     
Connell (2002) 0 / 1     
Filz et al. (2001) 0 / 2     
Jones and Dixon (2005) 0 / 1     
Fowmes et al. (2005a) 2 / 3     
Fowmes et al. (2005b) 2 / 3     
He et al. (2006) 2 / 3     
Chugh et al. (2007) 0 / 1     
Haque (2007) 0 / 0     
Fowmes et al. (2008) 2 / 3     
Wu et al. (2008) 1 / 1     
Chen et al. (2009a) 3 / 6     
52 
 
 
 
Gao (2009), Chen et al. (2009b) et Chen et 
al. (2011) 
1 / 2     
Arab et al. (2011a) 1 / 2     
Rong et al. (2011) ?     
Sia and Dixon (2012) 2 / 3     
Zamara et al. (2014) 2 / 3     
Present study 4 / 6     
CR1: Number of GSY and interfaces in the model.  897 
CR2: Staged construction or evolution of the waste properties with depth or stress. 898 
CR3: Strain softening at interfaces.  899 
CR4: Differentiation between the compressive and tensile characteristics of GSY. 900 
CR5: Evolution with strain of GSY axial stiffness. 901 
 902 
 903 
 904 
 905 
 906 
 907 
 908 
 909 
 910 
 911 
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Table 2. Various published values of unit weight of waste. 912 
γ  (kN/m3) Comments References 
6 
MSW with 2-m-thick layer compacted by 21 
t roller Watts and Charles 
(1990) 
8 
MSW with 0.6-m-thick layer compacted by 
21 t roller 
10 At 3 m depth Oweiss and Khera 
(1990) 15 At 55 m depth 
3–9 Low compaction 
Fasset et al. (1994) 5-7.8 Medium compaction 
8.8-10.5 Good compaction 
10.2 Cincinnati Site Eid et al. (2000) 
6-7 Fresh waste just after compaction 
Kavazanjian (2001) 
14-20 Degraded waste with high soil content 
12.23  
Jones and Dixon 
(2005) 
8.8 On Cruz das Almas Maceio site in Brazil Gharabaghi et al. 
(2008) 14.7 On Cruz das Muribeca Recife site in Brazil 
9.4 From a site in France at 4-6 m depth 
Stoltz et al. (2009) 
16 from a site in France at 27-32 m depth 
54 
 
 
 
7.8 
from a site in France, aged 8 years under 
200 kPa 
Ecogeos (2011) 
 913 
 914 
 915 
 916 
 917 
 918 
 919 
 920 
 921 
 922 
 923 
 924 
 925 
 926 
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Table 3. Various published values of elastic parameters of waste. 927 
E 
(MPa) 
ν Comments References 
NA 0.49 
From compressional and shear wave velocities 
in liquid and solid waste in San Pablo Bay, 
Richmond, California, USA  
Sharma et al. (1990) 
NA 0.33 
From compressional and shear wave velocities - 
Mean value retained because of significant 
scatter 
Matasovic and 
Kavazanjian (1998) 
NA 0.36 
Specific for drained waste with high 
permeability 
Abbiss (2001) 
0.5 0.3 NA 
Jones and Dixon 
(2005) 
NA 0.29-0.46 
From compressional and shear wave velocities 
in a bioreactor 
Carpenter et al. 
(2013) 
0.5-
0.7 
0.05-0.15 
Degradable and compressible (food, green 
waste, etc.) Singh and Fleming 
(2008) 1.5-3 0.28-0.32 Paper, cards, plastics 
10-20 0.25-0.33 Rubble, cover soil, and ashes 
0.7 0.45 Coll Cardús landfill, Spain: during construction 
Yu and Batlle (2011) 
7 0.3 Coll Cardús landfill, Spain: After construction 
56 
 
 
 
E 
(MPa) 
ν Comments References 
0.5 NA Coll Cardús landfill, Spain: long term 
NA 0.25 1st phase of degradation : lag phase 
Varga (2011a) 
NA 0.45 5th phase of degradation : Maturation phase 
0.5 0.3 Milegate landfill, United Kingdom Zamara et al. (2014) 
NA: Not available. 928 
 929 
 930 
 931 
 932 
 933 
 934 
 935 
 936 
 937 
 938 
 939 
 940 
 941 
 942 
 943 
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Table 4. Various published values of the cohesion and friction angle of waste.  944 
c  
(kPa) 
Φ  
(°) 
Comments References 
0 24-42 Small triaxial test (TT) Stoll (1971) 
10 - 23 24-42 
Direct shear test (DST) on several 
samples from landfills in Canada  
Landva and Clark (1986) 
0 39-53 DST at 10% of tangential displacement Siegel et al. (1990) 
10 25 
Retrospective analysis (RA), trench in 
waste mass 
Cowland et al. (1993) 
2-3 15-20 Large TT at 10%-15% of axial strain Grisolia et al. (1995a) 
24 0 RA, normal stress <30 kPa 
Kavazanjian et al. (1995) 
0 30 RA, normal stress >30 kPa 
0-28 20-39 Not available Gabr and Valero (1995) 
25 35 Large DST + RA of four slope failures Eid et al. (2000) 
27 42 DST Edincliler et al. (1996) 
39.2 29 
At natural moisture content and 20% 
strain Vilar and Carvalho (2002) 
60.7 23 Saturated sample at 20% strain 
67 23 Large DST Caicedo et al. (2002)  
2.5-4 21-36 DST 
Mahler and De Lamare Netto 
(2003) 
58 
 
 
 
c  
(kPa) 
Φ  
(°) 
Comments References 
9-14 20-29 DST and large TT Harris et al. (2006) 
0 36-41 TT at confining pressure of 200 kPa Zekkos et al. (2006) 
0 35-37 Large TT Zwanenburg et al. (2007) 
0-8.4 35-47 Large TT Singh et al. (2009)  
0-85.9 
2.4-
34.1 
DST at 10% strain on a waste aged 5 to 8 
years from a site in France Ecogeos (2011) 
   
 945 
 946 
 947 
 948 
 949 
 950 
 951 
 952 
 953 
 954 
 955 
 956 
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Table 5. Summary of the material properties used in this study. 957 
MATERIALS PROPERTIES 
Type 
γ  
(kN/m3) 
E 
(MPa) 
ν 
c  
(kPa) 
Φ  
(°) 
New waste 9.0 to 12.6 0.5 to 1.0 0.2 to 0.3 10.0 to 5.0 
30.0 to 
25.0 
Old waste 
10.0 to 
12.8 
1.0 to 1.2 0.3 to 0.4 5.0 to 3.0 
24.0 to 
22.0 
Subgrade layer 
18 
20 
0.3 
0 35 
Clay substratum 50 5 28 
 958 
 959 
 960 
 961 
 962 
 963 
 964 
 965 
 966 
 967 
 968 
 969 
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Table 6.  Summary of properties used in this study for geosynthetics.  970 
GEOSYNTHETIC PROPERTIES 
Type 
e 
(mm) 
E at 1% strain 
(MPa) 
E at 10% strain 
(MPa) 
GTX 8 15.6 8.4 
GMB 2 541.2 166.0 
GCL 7 10.0 15.4 
GGR 2.5 1280.0 870.0 
 971 
 972 
 973 
 974 
 975 
 976 
 977 
 978 
 979 
 980 
 981 
 982 
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Table 7. Various published values of cohesion and friction angle of interfaces involving 983 
geosynthetics. 984 
Interface type 
cpeak
(kPa) 
Φpeak
(°) 
cres
(kPa) 
Φres
(°) Comments References 
GTX-GMB dry NA 12.5 NA 9 NA Seed et al. 
(1988) GTX-GMB wet NA 10.4 NA 8 NA 
GTX-GMB NA 14 NA 12 NA 
Byrne et al. 
(1992) 
GTX-GMB 0 8.5 0 6 
Torsional ring shear test 
(TRST) 
Stark and 
Poeppel 
(1994) 
GTX-GMB 1.4 11 NA 
Direct shear test 
(DST) : 0.3 m × 0.3 m 
Reddy et al. 
(1996) 
GTX-GMB NA 0 12 
DS : 0.3 m × 0.3 m and 
large displacement 
(LD) = 2 mm 
Villard et al. 
(1999) 
GTX-GMB dry 
HDPE 
0 7.76 0 7.41 
DST: 0.3 m × 0.3 m LD 
= 50 mm 
Bergado et al. 
(2006) GTX-GMB wet 
HDPE 
0 9.46 0 8.96 
GTX-GMB 
LLDPE 
8.2 27.5 5.6 16.5 DST: 0.3 m × 0.3 m and 
under σ = 10, 30 and 50 
Fowmes et al. 
(2008) 1 29 2 18.8 
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GTX-GMB 
HDPE 
0.4 11.7 0.4 9 
kPa and LD = 80 mm 
GTX-GMB NA 5 12.8 
DST: 0.3 m × 0.3 m and 
under σ = 50, 100 et 
200 kPa and LD = 90 – 
100 mm 
Chen et al. 
(2010), Chen 
et al. (2011) 
GTX-GMB 
textured dry 
2.3 19.9 1.4 13.3 
DST under σ = 10, 25, 
50, 100 and 200 kPa 
Zamara et al. 
(2014) GTX-GMB 
textured wet 
4 20.8 2.9 14.7 
GTX-GMB 
textured 
12 30 NA DST: 0.3 m × 0.3 m 
Reddy et al. 
(1996) 
GTX-GMB 
textured HDPE 
NA 32 NA 13 
TRS under σ = 50 to 
280 kPa 
Stark et al. 
(1996) 
GTX-GMB 
textured 
3.2 24.5 2.5 12.8 
DST: 0.3 m × 0.3 m 
under σ = 25, 50, 100 
and 200 kPa and LD = 
9.3 to100 mm 
Jones and 
Dixon (2005) 
GTX-GMB 
textured 
8 29.4 5.4 18.7 
DST: 0.3 m × 0.3 m 
under σ = 10, 30 and 50 
kPa and LD = 80 mm 
Fowmes et al. 
(2008) 
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GTX-GMB 
textured HDPE 
NA 
18.9-
34.8 
NA 
15-
18.4 
TRST under σ = 50 to 
300 kPa 
Effendi 
(2011) 
GMB-GCL wet 0 6.49 0 6.49 DST: 0.3 m × 0.3 m LD 
= 50 mm 
Bergado et al. 
(2006) GMB-GCL dry 0 8.93 0 8.93 
GMB-GCL NA 11.4 23.6 DST: 0.3 m × 0.3 m 
under σ = 50, 100 and 
200 kPa and LD = 90 – 
100 mm 
Chen et al. 
(2011) 
GMB-GCL wet 0 20.9 5 9.3 
GMB-GCL dry 0 24.4 0 16.9 
GMB-Clay NA 0 9 
DST : 0.3 m × 0.3 m 
and LD = 2 mm 
Villard et al. 
(1999) 
GMB-Clay 
undrained 
31.1 7.6 3.2 25.1 
DST under σ = 10, 25, 
50, 100 and 200 kPa 
Zamara et al. 
(2014) GMB-Clay 
drained 
8 22 8 22 
Granular soil-
GTX 
NA 0 29 
DST: 0.3 m × 0.3 m and 
LD = 2 mm 
Villard et al. 
(1999) 
GTX-waste 4.4 29.9 3.3 29.8 
DST : 0.3 m × 0.3 m 
under σ = 10, 30 and 50 
kPa and LD = 80 mm 
Fowmes et al. 
(2008) 
Sand-GTX dry 6.3 29.9 1.8 29.6 
DST under σ = 10, 25, 
50, 100 and 200 kPa 
Zamara et al. 
(2014) 
Sand-GTX wet 3.2 29.9 1.3 29.6 
Waste-Sand 5 20 5 20 
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GGR-Aggregates 0 48 NA 
DST under σ = 3470, 
5860 and 10580 lb 
Bakeer et al. 
(1998) 
GGR–Crushed 
rock 
 31-54 NA 
DST: 0.3 m × 0.3 
m under σ = 50. 100 
and 150 kPa 
Baykal and 
Dadasbilge 
(2008) 
GGR-Sand  
34.9-
36 
NA 
Large plane strain 
compression 0.56 m × 
0.56 m × 0.45 m 
Liu et al. 
(2014) 
GGR-Expanded 
clay 
4.3 39 0.7 32 
DST: 0.3 m × 0.3 
m under σ = 13.8,  27.6, 
and 41.34 kPa 
Yuan (2002) 
NA: Not available. 985 
 986 
 987 
 988 
 989 
 990 
 991 
 992 
 993 
 994 
 995 
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Table 8. Summary of properties used in this study for interfaces 996 
INTERFACE PROPERTIES 
Type 
Ks   
(MPa/m) 
Kn  
 (MPa/m) 
 c  
 (kPa) 
Φpeak   
(°) 
Φres  
 (°) 
      
I1: New Waste-GTX* 
10 100 0 
28a 23 
I2: GTX-GMB 12b 7 
I3: GMB-GCL 13b 8 
I4: GCL-Subgrade layer 28a 23 
I5 and I6: GGR-Subgrade 
layer 
29a 24 
* The values mentioned correspond to the contact between a drainage gravel layer under new 997 
waste and the GTX. 998 
a: reached at 5 mm of relative shear displacement 999 
b: reached at 2 mm of relative shear displacement 1000 
 1001 
 1002 
 1003 
 1004 
 1005 
 1006 
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